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(54) Surface-micromachined symmetrical differential pressure sensor 



(57) The invent ion is related to a symmetrical capac- 
itive differential pressure sensor formed by depositing 
onto a substrate (1) using the surface-micromachining 
methods of semiconductor device manufacturing tech- 
nology. The sensor comprises the following, entirely 
from each other electrically insulated thin-film layers: an 



at least partially conducting sensing diaphragm (5) 
made from poly silicon and conducting counterelec- 
trodes (3 and 7) adapted to both sides of the sensing 
diaphragm (5). According to the invention, said coun- 
terelectrodes (3 and 7) are made from polystlicon thin 
film and comprise at least one electrically conducting ar- 
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Description 

The invention is related to a surface-microma- 
chined symmetrical differential pressure sensor accord- 
ing to the preamble of claim 1. 

Two major silicon micromechanical manufacturing 
techniques comprise bulk micromachining utilized for 
fabricating mechanical structures in monocrystalline sil- 
icon by etching and surface-micromachining in which 
mechanical structures are made on a silicon wafer by 
depositing a plurality of polysilicon thin films. Conven- 
tional differential pressure sensors with metallic dia- 
phragms have been constructed symmetrical by locat- 
ing the stationary counterelectrodes to both sides of the 
pressure-sensing diaphragm. 

In ail conventional symmetrical pressure sensor 
embodiments, the symmetrical sensor design is imple- 
mented so that the electrode diaphragms located to both 
sides of the flexible sensing diaphragm are designed to 
form a part of the massive, nonyielding sensor body. 

Such prior-art techniques are handicapped, among 
other things, by long measurement delays due to the 
long, narrow pressure ports of the massive body struc- 
ture. Furthermore, such narrow pressure ports are 
prone to contamination. Other shortcomings of the prior 
art are related to temperature drift errors. 

It is an object of the present invention to overcome 
the drawbacks of the above-described techniques and 
to achieve an entirely novel type of surface-microma- 
chined symmetrical differential pressure sensor. 

The goal of the invention is achieved by construct- 
ing the sensor from three, at least partially conducting, 
thin-film diaphragms made from polysilicon so that the 
dielectric in the space between the diaphragms typically 
is air thus facilitating mutual movement between the di- 
aphragms, whereby the outer diaphragms are perforat- 
ed with a pattern of openings that make the diaphragms 
permeable-to gaseous and liquid media. The center di- 
aphragm is contiguous making it impermeable to gase- 
ous media, whereby the diaphragm can deflect to either 
side under the gas pressures imposed on the sides 
thereof. When required, electrical potential differences 
applied between the perforated diaphragms and the 
contiguous diaphragm can be employed for controlling 
the position and movement of the diaphragms. Ideally, 
the perforated diaphragms are made substantially stiff er 
than the contiguous center diaphragm. This condition 
can be affected firstly to some extent by varying the 
thickness ratios of the diaphragms, and secondly, even 
more significantly, through controlling the tension of the 
diaphragms. In the feedback-controlled operating 
mode, the capacitance difference between the center 
diaphragm and the outer diaphragms of the sensor is 
advantageously kept constant, whereby the position of 
the pressure-sensing diaphragm relative to the perforat- 
ed diaphragms in the sensor remains essentially con- 
stant, that is, the center diaphragm stays essentially un- 
flexed between the two outer diaphragms. The two sep- 



arate sensing capacitors of the sensor form a capacitive 
bridge that offers a number of different sensing capaci- 
tor transfer functions such as {C^C 2 ) I (C,+C 2 ) . 

More specifically, the sensor structure according to 
5 the invention is characterized by what is stated in the 
characterizing part of claim 1. 

The invention offers significant benefits. 
The symmetrical structure gives several benefits 
particularly with regard to a single-sided, asymmetrical 
io structure: 

The sensor structure has at least two sensing ca- 
pacitances, whose difference can be easily detect- 
ed by the measurement system electronics without 
is the need for an external reference capacitor. 

The position of the pressure-sensing diaphragm 
can be controlled to either direction with the help of 
electrical potential differences of feedback voltages 
20 applied between the sensing diaphragm and the 
perforated stationary diaphragms (such feedback 
arrangement makes it possible to keep the position 
. of the sensing diaphragm essentially unchanged 
between the perforated stationary diaphragms). 
25 Moreover, the symmetrical structure facilitates line- 
arization of the sensor transfer function between the 
differential pressure input variable and the sensor 
output signal when using a steplessly controllable 
feedback voltage. 

30 

The symmetrical structure is advantageous in terms 
of reduced temperature dependence. 

Further benefits achievable over a conventional 
55 symmetrical sensor structure are listed as: 

The perforated stationary diaphragms act as filters 
for particulate contamination by preventing the ac- 
cess of the dirt particles into the capacitor spacing. 

40 

The structure can be manufactured in a cost-effec- 
tive manner and etching of the sacrificial silicon di- 
oxide layers takes place rapidly via the openings of 
the silicon diaphragms. 

45 

Owing to the high density of the perforating open- 
ings, the sensor provides a quick response. 

In an oil-filled sensor the response time can be ad- 
so justed by altering the size of the perforating open- 
ings. 

- The perforated diaphragms act as transient over- 
pressure protection for the pressure-sensing dia- 
ss phragm. 

In the following, the invention will be examined in 
more detail by means of exemplifying embodiments with 
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reference to the attached drawings, in which: 

Figure 1 is a lateral layout of an embodiment ot the 
sensor structure according to the invention; 

Figure 2 is section A- A of the sensor structure 
shown in Fig. 1; 

Figure 3 is a lateral layout of an alternative embod- 
iment of the sensor structure according to the inven- 
tion; 

Figure 4 is a graph plotting the capacitances of the 
structure shown in Fig. 3 as a function of pressure; 

Figure 5 is a graph plotting the maximum measure- 
ment range vs. sensor bias voltage for 2 pm deep 
sensing capacitor chambers; and 

Figure 6 is a graph plotting the maximum measure- 
ment range vs. depth of sensing capacitor cham- 
bers for a bias voltage range of ±5 V. 

Referring to Fig. 1, the sensor elements shown 
therein are fabricated on a silicon wafer by means of 
surface-micromachining methods used in the semicon- 
ductor device manufacturing technology. The sensor 
chips 16 are separated from each other along sawn 
grooves 17 typically 150 pm wide. In the illustrated em- 
bodiment the perforating openings 1 2 of the top elec- 
trode 7 are etched into squares. The top electrode 7 thus 
provided with the perforating pattern can also perform 
as one pressure port 1 3 of the sensor. The dielectric lay- 
er 8 protects the sensor structure during the initial steps 
of the sensor manufacturing process. Metallic contact 
areas 9 : 10 and 11 provide the measurement signals 
and/or are used for applying a signal thereto for control- 
ling the electrodes in a desired manner. 

Referring to Fig. 2, the sensor structure shown 
therein is fabricated onto a monocrystalline silicon wafer 
1 on which is further deposited a dielectric layer 2 that 
during the later fabrication steps serves to protect the 
structures to deposited thereon. Next onto this structure 
is grown a perforated bottom electrode 3 from polysili- 
con. The pattern of perforating openings 1 2 is formed 
using either the lift-off method, or alternatively, applying 
a photoresist for subsequent etching of the openings 1 2 
laler in the layer 3. After this is deposited the first sacri- 
ficial silicon dioxide thin-film layer 4, followed by the dep- 
osition of the center electrode structure 5 from polysili- 
con. In the case the center electrode layer 5 is desired 
to be planar, the underlying thin film 4 must be made 
planar, because otherwise the pattern of perforating 
openings 1 2 made to the bottom electrode 3 will impose 
corresponding indents in the thin-film layer 4. However, 
such planarization is not a crucial step for the function 
of the sensor. Onto the electrode layer 5 is grown a sec- 
ond sacrificial silicon dioxide thin-film layer 6, and finally 



thereon, the top electrode 7 from polysilicon, after which 
the latter structure is perforated with openings in the 
same manner as the bottom electrode 3. The lateral di- 
mension of the openings 1 2 is typically 1 - 1 00 pm. most 

5 typically 1-10 urn. Instead of having a square shape, 
the openings 12 may be fabricated circular, for instance. 
Onto the entire structure is deposited a dielectric layer 
8 serving to protect the sensor structure during the etch- 
ing ot the bwer pressure port 14. The effective width of 

10 the sensing diaphragm is herein defined as the dimen- 
sion denoted in the diagram by reference numeral 15, 
whereby said dimension is in practice determined by the 
top width of the pressure port 14 and the width of the 
pattern of perforating openings 12. The well at the right- 

15 side edge and the corresponding well at the left-side 
edge for the contact areas 9 and 11 are made by either 
excluding these areas from the deposition processes of 
the superimposed layers by masking, or alternatively, 
etching-away material at these areas after such depo- 

20 sit ion steps. The metallizations 9, 10 and 11 are formed 
in the very last steps of the sensor manufacturing proc- 
ess. Typically, the center electrode 5 is 0.5 - 1 pm thick, 
while the stationary top/bottom electrodes 3 and 7 are 
1 - 2 pm thick. Accordingly, the thickness of the center 

2S electrode 3 is typically 1 - 4 times that of the stationary 
outer electrodes 3 and 7. 

More specifically, the sensor structure is fabricated 
by taking the following steps. 

30 1 ) As required by the sensor structure, onto a silicon 
wafer 1 are grown and patterned polysilicon thin- 
film layers 3, 5 and 7, dielectric thin-film layers 2 
and 8, as well as sacrificial silicon dioxide layers 4 
and 6 which are etched away later in the process. 

35 In the process the polysisicon thin film layers 3 t 5 
and 7 are doped to be conductive and to have a 
desired internal stress by ion implantation of for ex- 
ample phosphorous, arsenic or boron. In the multi- 
layer structure, the lowermost layer 2 and the top- 

40 most layer 8 made of silicon nitride, for instance, 
serve to protect the thin films against silicon etch- 
ants such as KOH or TMAH. 

2) Into said monocrystalline silicon wafer 1 is etched 
is a port opening 1 4 whose size after the etch-through 

step of the wafer is approximately equal to the width 
of the pressure-sensing diaphragm, that is, equal to 
the above-defined effective length 15. The opening 
1 4 acting as the pressure port has a square shape. 
50 Such a shape results from anisotropic etching along 
the major axes of the crystalline structure of silicon. 

3) Using plasma etching, for instance, the openings 
of the perforating pattern are etched-through in the 

55 dielectric layer 8 on the top surface of the sensor 
structure and in the dielectric layer 2 facing the in- 
side of the port opening 14 made to the monocrys- 
talline silicon. After this step, the wafer is encbsed 
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from both sides between the perforated polysilicon 
thin-film diaphragms 3 and 4. 

4) The sacrificial silicon dioxide layers 4 and 6 are 
etched away from between the perforated areas of 
the polysilicon thin-film layers 3 and 7 via the open- 
ings 1 2 made to said polysilicon thin-film layers 3 
and 7. 

5) The ready-made structure is dried using, for in- 
stance, sublimating t-butanol that prevents the dia- 
phragms 3, 5 and 7 from adhering to each other. 

During the deposition of the layers, possibly one 
planarization step must be carried out on the silicon di- 
oxide layer 4 which is deposited onto the first perforated 
polysilicon thin-film layer 3. Otherwise, the perforated 
layer will print through as a wavy pattern in the super- 
imposed contiguous polysilicon layer as well as all other 
superimposed layers. However, this step is not manda- 
tory in the process. 

Advantageously, the diaphragms 3 and 7 acting as 
the stationary electrodes are produced so as to remain 
under a tension stress higher than that of the sensing 
diaphragm 5. Such a tension can be attained by suitable 
thermal treatment and doping. 

Referring to Fig. 3, the outer electrodes of the sen- 
sor structure 20 can be divided into two parts by first 
patterning the top electrode structure made from a die- 
lectric material into two areas 21 and 22 which are iso- 
lated from each other and driven by separate signals via 
contact areas 23. The bottom electrode structure is pat- 
terned in a similar fash ion for driving with signals applied 
to contact areas 26. The patterning method can be, e. 
g., ion implantation of for example phosphorous, arsenic 
or boron. The electrical signal connection for the center 
electrode is provided by contact area 25. In a preferred 
embodiment the conducting electrodes 21 and 23 have 
at least approximately equal areas. 

Referring to Fig. 4, the curves plotted therein illus- 
trate graphically the capacitances of the four electrodes 
against the center electrode (sensing diaphragm) in the 
sensor embodiment shown in Fig. 3. In the case depict- 
ed in the diagram, the sensor behaves ideally symmet- 
rically. The side of the pressure-sensing diaphragm is 
0.5 mm long, the depth of the capacitor chamber (that 
is, distance between the diaphragms) is 1 pjn and the 
thickness of the pressure-sensing diaphragm is 1 urn 
Further, the pressure-sensing diaphragm is made free 
from tension stress. Both top electrodes 21 and 22 as 
well as the bottom electrodes have equal areas. As is 
evident from the diagram, the capacitances from all 
these electrodes to the pressure-sensing electrode are 
equal at zero differential pressure, whereby the capac- 
itive bridge is balanced. 

The thicknesses of the sacrificial silicon dioxide lay- 
ers 4 and 6 must be as small as possible in order to 
reach sufficiently high electrostatic forces by virtue of 



the electrical potential differences applied between the 
diaphragms. Typically, these layers are made approx. 
0.5 urn thick. Then, a bias voltage range of ±5 V applied 
to both sides of the pressure-sensing diaphragm is suf- 
s ficient to provide a pressure measurement range of ap- 
prox. ±1800 Pa. The dependence of the maximum 
measurement range on the bias voltage is illustrated in 
Fig. 5, while the corresponding dependence of the 
measurement range on the depth of the sensing capac- 
10 jtor chamber is shown in Fig. 6. Herein, the depth of the 
capacitor chamber must be understood as referring to 
distance between the electrode structures 3 and 5 as 
well as 5 and 7, respectively. 

The sensor is designed for an ideal side length, the 
1$ dimension denoted by reference numeral 1 5, of approx. 
0.5 mm for the sensing diaphragm. Then, the maximum 
width ol the etching-through hole is approx. 1 .2 mm in 
0.5 mm thick silicon wafers. With provisions for the saw- 
ing grooves 17 and a sufficiently strong supporting 
20 structure of the sensor, the lolal footprint of the sensor 
is approx. 2x2 mm 2 . Approx. 1 400 pes. of such sensor 
chips can be fitted on a single 4-in. wafer. 

Naturally, some minor disadvantages are associat- 
ed with the present sensor structure such as: 
2B The size of the sensor will be somewhat larger than 
in conventional structures asthe opening tor the sensing 
capacitor made through the silicon wafer requires a larg- 
er silicon area. 

The outer diaphragms are not ideally stiff. There- 
to fore, under the electrically applied feedback forces the 
outer diaphragms can yield to some extent. This causes 
non linearity error in the transfer function of the feed- 
back-connected control electronics. 



1. A symmetrical differential pressure sensor formed 
by depositing onto a substrate (1) using the surface- 
micromachining methods of semiconductor device 
manufacturing technology, said sensor comprising 
the following, thin-film layers entirely electrically in- 
sulated from each other. 

4$ - an at least partially conducting sensing dia- 
phragm (5) made from polysilicon; and 
conducting counterelectrodes (3 and 7) adapt- 
ed to both sides of the sensing diaphragm (5), 

50 characterised in that 

- said counterelectrodes (3 and 7) are made from 
polysilicon thin film and comprise at least one elec- 
trically conducting area. 

55 2. A sensor structure as defined in claim 1 , character- 
ised in that said counterelectrodes (3 and 7) are 
supported to the stiff substrate (1) at the electrode 
edges only. 
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3. A sensor structure as defined in claim 1 or 2, char- 
acterised in that said counterelectrodes (3 and 7) 
are maximally 5 times thicker than said sensing di- 
aphragm (5). 

4. A sensor structure as defined in claim 1 , 2 or 3, char- 
acterised in that said counterelectrodes (3 and 7) 
are formed with a stronger tension stress than said 
sensing diaphragm (5). 

5. A sensor structure as defined in any preceding 
claim, characterised in that said counterelectrodes 
(3 and 7) are provided with a pattern of perforation 
openings (12) for the purpose of providing pressure 
ports (13 and 14) in said sensing diaphragm (5). 

6. A sensor structure as defined in claim 5, character- 
ised in that the openings (1 2) of said perforating pat- 
tern are square. 

7. A sensor structure as defined in claim 5, character- 
ised in that the openings (1 2) of said perforating pat- 
tern are circular. 

8. A sensor struct ureas defined in claim 5, 6 or 7, char- 2$ 
acterised in that the lateral dimension of said open- 
ings (12) of said perforating pattern is 1-100prn t 
most advantageously approx. 1-10u.m. 

9. A sensor structure as defined in any preceding 30 
claim, characterised in that the substrate (1) is sili- 
con. 

10. A sensor structure as defined in any foregoing 
claim, characterised in that at least one of the outer 35 
electrodes (3, 7) is divided by patterning into at least 
two conducting areas (21 , 22) which are electrically 
isolated from each other. 

11. A sensor structure as defined in claim 10, charac- *o 
terised in that the conducting areas (21 , 22) are pat- 
terned using different amounts of doping of polysil- 
icon. 

12. A sensor structure as defined in claim 11, charac- 45 
terised in that the conducting areas (21 , 22) are pat- 
terned by ion implantation through a photoresist 
mask. 
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Fig. 3 
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(54) Surface-micromachined symmetrical differential pressure sensor 



(57) The invention is related to a symmetrical capac- 
itive differential pressure sensor formed by depositing 
onto a substrate (1) using the surface-micromachining 
methods of semiconductor device manufacturing tech- 
nology. The sensor comprises the following, entirely 
from each other electrically insulated thin-film layers: an 



at least partially conducting sensing diaphragm (5) 
made from polysilicon and conducting counterelec- 
trodes (3 and 7) adapted to both sides of the sensing 
diaphragm (5). According to the invention, said coun- 
terelectrodes (3 and 7) are made from polysilicon thin 
film and comprise at least one electrically conducting ar- 
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